Abstract:This paper investigates the effect of material removal rate (MRR) and mainly machining environment on resultant surface integrity in high-speed machining (HSM) of Inconel 718. For this high-speed turning is carried out for three different cutting speeds, feedrates and depth of cut under dry, flood coolant and water vapour machining environments. The results show that flood cooling is ineffective in high-speed machining. Water vapours acts as a coolant and lubricant, and hence is highly effective in lowering surface roughness and surface damages in machining. However at very high material removal rates, dry machining seems to be an economical option. Under all the environments the residual stresses were found to be compressive in nature at all MRR levels. Keeping in view green manufacturing, good productivity and better quality, it is suggested that machining of Inconel 718 under water vapour environment is an ideal approach.
Introduction
Superalloy, Inconel 718, is the most commonly employed nickel-based alloy and it finds wide applications majority being in aerospace. But it is also stamped under most difficult-to-cut materials mainly because of the poor machinability properties which are [1] [2] [3] [4] : major strength retained during machining, high strain rate sensitive nature, readily work hardening characteristics, highly abrasive carbide particles in microstructure and poor thermal conductivity leading to high cutting temperatures. Attempts have been made in the past with due focus on surface integrity induced by turning operation of Inconel 718 considering the machining environment. The reported findings state reduction in surface roughness under different machining environments like wet [5, 6] , MQL [7, 8] , hybrid machining [9] , cooling air and minimum quantity lubrication (CAMQL) [10] and liquid nitrogen (LN2) [11] . Further the beneficial effects of machining environment in inducing lesser tensile or more compressive residual stresses have been also reported for wet [5, 6] and cryogenic [12] environments, to mention a few. Podgorkov and Godlevski around 1990s proposed a new pollution-free cutting technique with water vapour as coolant and lubricant in machining, and further works on it reported decrease in surface roughness of various work materials like C45 steel [13] , ANSI 304 stainless steel [14] and Titanium alloy (Ti6Al-4V) [15] . Thus keeping a keen eco-friendly perspective, the present work focuses to explore surface integrity aspects in turning of Inconel 718 with due addressing to productivity.
Experimental Work
Considering the present competitive manufacturing demands of higher production, the machining parameters were wisely selected confining high-speed regime to achieve significantly higher MRR as in Fig. 1a . Further, it was proposed to carry out the experiments under three different environments -dry, flood coolant and water vapour. The performance indicators selected for analysing the surface integrity were surface roughness, surface damage and the surface residual stresses [16] . Fully Annealed Inconel 718 ring specimens with OD 58 mm, ID 46 mm and wall thickness of 5 mm were used as a work material by fitting it over special mandrel (see Fig. 1b and c). [17, 18] . The turning experiments were performed on CNC lathe (Make Micromatic Ace, Jobber XL). For experiments under water vapour as a coolant/lubricant environment, assistance of steam generation device (Fig. 1d) was taken with temperature and pressure of the steam maintained at around 105 °C and 1.6 bar respectively. Convergent type nozzles were used to eject the water vapour on the cutting zone. Fresh cutting tip was used for every experiment. After the experiments, the measurement of surface roughness, surface damage and circumferential (hoop) residual stresses was done using surface roughness tester Mitutoyo SJ-301, Scanning Electron Microscopy (SEM) ZEISS Ultra FESEM and Philips Panalytical microarea residual stress analyser (sin 2 ø technique) respectively. All the experiments were repeated and re-measurements were done to validate the data. Fig. 2a shows that increase in MRR cause an increase in surface roughness which is quite obvious as per fundamentals of machining. However, at a given MRR, the surface roughness varies according to different machining environment which justifies its importance. At low MRR, it is seen that the surface roughness is lowest for water vapor environment as it acts as lubricant and coolant, and hence mainly because of its better lubricating action as well as excellent penetration ability which is in well agreement with [13] [14] [15] . In case of dry cutting, sufficiently high temperatures are created which cause thermal softening leading to restructuring of the machined surface layer as well as reduced stresses on tool assisting in ease of material removal, and thus lower surface roughness value is seen as compared to flood coolant environment. However the surface roughness is highest in case of flood coolant environment, as the lubrication and cooling action of flood coolant prevents temperature rise and reduces thermal softening imparting stresses on cutting tool deteriorating the surface finish.Further at medium MRR, the surface roughness value in case of flood coolant environment is again highest, but that under dry and water vapor environment is almost the same. In case of flood coolant environment, the lubrication action of fluid is reduced due to very limited access of the fluid to the toolworkpiece or tool-chip interfaces and only cooling action dominates leading to deterioration in surface finish. For the case of dry cutting, increased MRR causes higher cutting temperatures and hence the high degree of thermal softening assists for easy material removal leading to lower surface roughness.Further for water vapor environment, increase in MRR degrades the penetration performance of water vapor and also the storing time is reduced. As a result water vapor is not able to form an effective low shearing strength lubricant layer and hence surface roughness increases. Drifting finally to the highest MRR level, the surface roughness values in case of flood coolant again comparatively remains at the peak of all. This is because the penetration capability of fluid to the tool-workpiece or tool-chip interface ceases at such very high-speed conditions. Further high temperatures are generated, due to which the fluid tends to be vaporized forming a high temperature blanket that reduces cooling efficiency thus leading to higher surface roughness. Considering the case of dry cutting, the increased temperatures do assist in easy material removal partly due to softening effect; but a characteristic noise was also generated which emphasizes that the machining was under heavy ploughed compression and also there was slight burnishing effect. Hence this combined effect leads to lower surface roughness values. For water vapor environment, the surface roughness is found to be higher than dry conditions mainly because the effectiveness of water vapor degrades severely at this highest MRR level. The penetration capability of water vapor drastically reduces and the storing time also reduces leading to increased surface roughness. It is thus understood that at the low MRR and medium MRR level, the water vapor environment is quite effective for achieving better surface finish; however dry environment seems to be a better option at the high MRR level.
Results and discussion

Analysis of surface roughness
Analysis of surface damage
The micrographs of examined machined surfaces at magnifications from 100x-1000x through SEM revealed material side flow, grooves, microparticle deposits, smeared material and white layers as the characteristic surface alterations (Fig. 3) . The machining environment and MRR, both influenced the occurrences and magnitude of the defects. Overall, the lowest MRR level under water vapor environment comparatively showed the least quantity of material side flow than dry and flood coolant environment. Shallow grooves along the feed spacing were seen in all cases and their quantity and severity increased with MRR. The grooves were found to be severe in dry machining, while almost light to moderate in case of flood coolant and water vapor environment which can be mainly attributed to their cooling and lubricating effect. Microparticle deposits typically were almost negligible in flood cooling only which was mainly because of flushing action of cutting fluid. Smeared material of around 47.175 µm width was mainly visible at the highest MRR level in case ofwater vapor environment only. The white layers were the most severe in case of dry machining as compared to other environments. 
3.3Analysis of residual stresses
From Fig. 2b , it is learnt that an increase in MRR causes changes in residual stresses and they further vary drastically under different machining environments. The resulting stress state after machining is a combination of thermal and mechanical effects. It is known that the thermally dominant machining deformation leaves behind tensile residual stress in the machined surface, whereas mechanically dominant machining deformation induces compressive residual stress [1, 3] .
It is seen that in dry machining, at the lowest MRR, the strain rate and hence heat generated in the shear zone are comparatively the lowest, due to which mechanical loading effect dominates than the thermal effect leading to compressive residual stresses. However at medium MRR level, the heat generated in the shear zone increases due to increase in strain rate and the thermal effects dominate shifting the residual stress towards tensile direction.
Further at the highest MRR level, the residual stress shifts downwards and achieves the highest compressive level. This can be attributed to the fact that high MRR rate causes higher chip flow rates due to increased cutting speed thus reducing the length of time available for the heat generated in shear zone to diffuse into the workpiece surface and consequently increasing the amount of thermal energy evacuated in the chip. This reduces the effect of the thermal load on the workpiece and therefore mechanical effects dominate, resulting into more compressive residual stress regime.
In case of flood coolant environment, with increase in MRR the residual stresses shift towards tensile direction, however remain well within compressive region. At low MRR the mechanical effects dominate leading to higher compressive residual stress as the strain rate is low leading to less shearing heat generation, and also due to low cutting temperatures due to the quite effective lubricating and cooling action of the flood coolant. With increase to medium MRR level, the thermal load on the workpiece increases and comparatively less compressive residual stress value is seen which can be hence attributed to increased shearing and strain rate causing higher hear generation and also to further lubricating and cooling action of flood coolant being not sufficiently effective at such increased cutting speeds leading to higher temperatures. Further at highest MRR level, the residual stress shifts towards the tensile direction due to the appreciably increased thermal load on the workpiece leading to dominance of thermal effects, which is also mainly due to the flood coolant vapor blanket formation drastically reducing the heat transfer rate along with effects of very high shearing and strain rate.
In case of water vapor environment increment in MRR leads to residual stress attaining higher compressive values. At the lowest MRR level, the thermal effects dominate more than the mechanical effect as heat transfer prevails from chips to the workpiece during their longer stay in machining zone and hence less compressive residual stress value near tensile regime is encountered. However at medium MRR level, the residual stress moves in compressive direction and attains higher value mainly due to dominance of mechanical effects as majority of heat being flow away by the thicker chips bulk thus relieving workpiece thermal load. Further athighest MRR level, there is almost negligible change in residual stress value which is mainly due to dominance of mechanical effects as in earlier case.
Conclusions
Overall, it can be concluded that both, MRR and machining environment, significantly influence the surface finish, surface alterations and machining induced residual stress to variable extents in high-speed turning of Inconel 718. Water vapour as a coolant and lubricant in machining is effective only at lower MRR and its effect gets degraded at higher MRR due to poor penetrability to the tool-work and tool-chip interface at higher cutting speeds. Flood cooling tends to be ineffective as MRR is increased and it cannot perform the action of cooling and lubrication satisfactorily in high-speed machining range to an appreciable extent. The residual stresses are compressive in nature under all the MRR levels and under different machining environments. Thus a better surface integrity in high-speed machining can be obtained at lower MRR under water vapour environment while at medium and mainly at higher MRR dry machining seems to be the best choice.
of Inconel 718 rings, scanning electron microscopy of machined samples and XRD residual stress measurements respectively.
